Background: High-quality mandibular reconstruction using vascularized free fibular graft is necessary to provide an osseointegrated dental implant and fixed denture. An appropriate crown-implant ratio is needed, and a good match between bones is extremely important. There are no articles describing the analysis and evaluation of both the fibula and mandible in the same patients. Methods: Computed tomography images of both mandible and fibula of 80 patients were selected in a random manner. We measured bone height of the fibula and mandible at specified points and evaluated the difference of bone height between the fibula and mandible using fibular single or double-barrel grafts. Results: The percentage of patients who had a "good" result for a fibular single graft was only 13.8%. There was no significant difference in bone heights when analyzed by gender. Whether patients were dentulous or not had a large influence on the difference between fibular and mandibular bone heights. Most young patients, but only half of older patients, needed fibular double-barrel grafts. Overweight patients with a high body mass index more often needed fibular double-barrel grafts. Conclusions: For mandibular reconstruction using a fibular graft, preoperative analysis of the patient's profile and proper use of a fibular single or double-barrel graft contribute to minimizing the difference between the height of the grafted fibula and native mandible and are keys to an ideal reconstruction with good cosmetics and function.
A
vascularized free fibular flap is widely used as an excellent method to repair mandibular defects. Recently, higher quality mandibular reconstructions are necessary to place osseointegrated dental implants and provide an adequate superstructure for fixed implants. A vascularized free fibular graft of the appropriate size for the mandibular defect is required to provide an appropriate crown-implant ratio. The double-barrel technique can provide greater fibular height, [1] [2] [3] but excess volume is a problem particularly for alveolar bone reconstruction. 4 Analyses of the morphology of the fibula and mandible have been reported by several authors. However, there are no articles describing the analysis and evaluation of both the fibula and mandible in the same patients as they relate to the proper use of fibular single or double-barrel grafts.
To perform an appropriate mandibular reconstruction using a fibular graft, measurement only of the fibula is not sufficient. Matching of both bones and quantitative evaluation of grafting is extremely important.
The purpose of our study is to measure and analyze the bone heights of both fibula and mandible in the same patients as a means to minimize the difference between the grafted fibula and native mandibular bone to provide an ideal reconstruction with good cosmetics and function.
MATERIALS AND METHODS

Materials
Computed tomography (CT) images of 80 patients who had received CT scanning of both mandible and fibula in the same day were selected randomly. Patients who had sustained trauma to the mandible or fibula, or had a bone metabolic disease, were excluded. The patient population comprised 48 men (mean: 58.0 yr; range: 16-95 yr) and 32 women (mean: 56.4 yr; range: 17-89 yr). Fifteen of these patients were edentulous. Height (mean: 162.1; range 138-180), weight (mean: 59.2; range: 36-88), and body mass index (BMI) (mean: 22.4; range: 15.2-31.6) were collected. The patient population was divided by each demographic variable (gender, age, tooth, height, weight, and BMI) into 2 or 3 groups (Table 1) .
Measurement of Fibular and Mandibular Height
First, fibular head and lateral malleolus were marked with reference to the coronal plane on the CT images. The length between the fibular head and the lateral malleolus was divided into 5 equal segments, and each of the dividing points from the lateral malleolus was denoted point A, B, C, or D. The lateral bone width in the axial plane was measured from CT images (Fig. 1A) .
Then, the mental eminence on the median line of the mandible and the posterior aspect of the last molar near mandibular angle were marked with reference to the axial plane on the CT images. The length between the mental eminence (point a) and the posterior part of the last molar (point d) was divided into 3 equal segments, and each of the dividing points between segments was denoted as points b and c. The bone height along the anterior aspect of the mandible in the sagittal plane was measured from CT images (Fig. 1B) .
According to recent research, the length between the fibular head and lateral malleolus is 25 cm on average, and the length between the mental eminence on the median line of the mandible and the posterior of the last molar near the mandibular angle is 7.5 cm on average. 5 Therefore, the length of 5 equal segments of the fibula is about 5 cm, and the length of 3 equal segments of the mandible is about 2.5 cm. For fibular single grafts, we decided that one segment of the fibula would be grafted for a defect of 2 segments of the mandible and measured the difference of height between the fibula and the mandible for these segments. For fibular double-barrel grafts, we decided that 2 segments of the fibula would be harvested and folded into a single segment and grafted into a defect of 2 segments of the mandible. Then, we measured the difference in height between the double-barrel fibular graft and the mandible.
As the pedicle is located on the medial aspect of the fibula, the reconstruction plate usually is fixed between the lateral aspect of the fibula and the anterior aspect of the mandible. Considering this, we decided that the lateral aspect of the fibula and the anterior aspect of the mandible would be points of measurement.
Measurement of the difference in bone height between the single fibula and mandible in a fibular single graft was performed in 4 ways ( 
Evaluation of Fibular Single Graft
We defined the difference in bone height appropriate for placing an osseointegrated dental implant that would provide suitable fixation for a fixed denture in a fibular single graft as Da (−0.8 to 0.4 cm). If D1-4 < Da, it was considered "short"; if D1-4 = Da, it was considered "good"; and if D1-4 > Da, it was considered "over." We did not evaluate the acceptable range of variation.
Data for D1-4 were compared by gender, age, height, weight, BMI, and whether the patient was dentulous or edentulous. Within the dentulous subsample, data were compared by age, gender, and BMI. Data for D1, D2 and D3, D4 were compared by donor site. Data for D1, D3 and D2, D4 were compared by recipient site.
The distribution of data for fibular single grafts was investigated by gender, age, BMI, and whether the patient was dentulous or edentulous. Within the dentulous subsample, data were compared by age, gender, and BMI.
Measurement of the difference in bone height between the double-barrel fibula and mandible in a fibular double-barrel graft was performed in 4 ways ( 
Evaluation of Fibular Double-Barrel Graft
We defined the difference in height appropriate for placing an osseointegrated dental implant that would provide suitable fixation for a fixed denture in a fibular double-barrel graft as Db (−1.3 to 0.4 cm). We categorized "short" as D5-8 < Db, "good" as D5-8 = Db, and "over" as D5-8 > Db.
Data for D5-8 were compared by gender, age, height, weight, BMI, or whether the patient was dentulous or edentulous. Within the subsample of dentulous patients, data were compared by age, gender, and BMI. Data from D5, D6 and from D7, D8 were compared by donor site. Data from D5, D7 and from D6, D8 were compared by recipient site.
The distribution of results for fibular double-barrel graft was investigated by gender, age, BMI, and whether the patient was dentulous or edentulous. Within the subsample of dentulous patients, data were compared by age, gender, and BMI.
Statistics and Ethics
Student's t test and the Holm test were used to analyze differences in bone height between the fibula and the mandible in each category using SPSS (software for Windows, version 23). Chi-square tests and adjusted residual analysis were used to analyze the results of fibular graft in each category.
Our study was reviewed and accepted by the hospital ethics committee.
All study procedures were performed in accordance with the Declaration of Helsinki.
RESULT
The overall results are shown in Table 2 . The percentage of patients who had a "good" result for a fibular single graft was only 13.8%. The percentage of patients who had a "good" result for a double-barrel graft was 70.9%.
Analysis of the difference in bone height of fibular single graft (D1-4) and fibular double-barrel graft (D5-8) by gender, age, height, weight, and BMI is shown in Figure 4 . The difference in bone height for D1-4 and D5-8 was almost the same in each gender and was not significantly different for either fibular single graft or fibular doublebarrel graft. The difference in height for D1-4 and D5-8 was larger in elderly patients than in younger patients. The difference in height for D1-4 was smaller in taller patients, and the difference in both D1-4 and D5-8 was smaller in heavier patients. The difference in height for D1-4 and D5-8 was smaller in patients with a higher BMI. The difference in bone height of fibular single graft and fibular double-barrel graft was significant for age, weight, and BMI. Only the difference in bone height of fibular single grafts varied significantly by an individual's height.
Analysis of the difference in bone height of fibular single graft (D1-4) and fibular double-barrel graft (D5-8) by tooth and by gender, age, and BMI of dentulous patients is shown in Figure 5 . The difference in height for D1-4 and D5-8 was much smaller in dentulous patients and was almost the same in each gender of dentulous patients. The difference in bone height for D1-4 and D5-8 was larger in elderly patients who were dentulous and was smaller in patients with a higher BMI. Significant differences were found in bone height of fibular single grafts for tooth, age of dentulous patients, and BMI of dentulous patients. Significant differences were found in bone height of fibular double-barrel grafts for tooth and age of dentulous patients.
Analysis of the difference in bone height of fibular single graft (D1-4) and fibular double-barrel graft (D5-8) by donor site and recipient site is shown in Figure 6 . The bone height of the fibular single graft harvested from the distal fibula was significantly smaller for D1-D4 than graft taken from other donor sites. The height for D5-8 was almost the same, regardless of donor site. The difference in height for D1-4 and D5-8 was almost the same regardless of recipient site and did not differ significantly.
Evaluation of fibular single graft and fibular doublebarrel graft by gender, age, BMI, tooth, age of dentulous patients, and BMI of dentulous patients is shown in Figures 7 and 8 . Fibular single grafts in males and females were statistically different, but fibular double-barrel grafts did not vary significantly by gender. Fibular single and fibular double-barrel grafts were significantly different in young and old patients. Fibular single grafts in low BMI subjects and fibular double-barrel grafts in both low and high BMI subjects were significantly different. Within both the dentulous and edentulous groups, both fibular single grafts and fibular double-barrel grafts were significantly different. Fibular single and fibular double-barrel grafts were significantly different in young and middleaged dentulous patients. Fibular single grafts in dentulous patients with a medium BMI, and fibular double-barrel grafts in dentulous patients with a high BMI, were significantly different.
DISCUSSION
A vascularized free fibular flap was first transferred by Taylor et al in 1975. 6 Since it was first reported by Hidalgo as a method for mandibular reconstruction in 1989, 7 it has been used widely as an excellent method to repair mandibular defects. The bone appropriate for an osseointegrated dental implant was at a minimum 6 mm in height, 10 mm in height, and well vascularized. [8] [9] [10] [11] The problem with a vascularized fibular flap for mandibular defects is limited bone height. The double-barrel technique preserves the vascular pedicle, and folding it doubles the height. However, the problem of fibular double-barrel graft is an excess volume, particularly for alveolar bone reconstruction. 4 It is important to place a longer implant to achieve more contact with the grafted fibula when placing an osseointegrated dental implant after mandibular reconstruction. Twelve-or 14-mm implants provide good anchorage in the grafted fibula. 12 Removable or fixed dentures are available to support osseointegrated dental implants. Removable dentures distribute weight not only to the dental implant but also to the gingiva. Consideration 5 . analysis of the difference in bone height of fibular single graft (D1-4) and fibular double-barrel graft (D5-8) by tooth, or by gender, age, and BMi of dentulous patients. Dentulous age indicates age of dentulous patients; Dentulous BMi, BMi of dentulous patients; Dentulous gender, gender of dentulous patients. **P < 0.01.
of mechanical balance by occlusal force, and the crownimplant ratio, is extremely important for designing the implant-bone superstructure. 13 The crown-implant ratio should be less than 1:1. If it is greater than 1:1, the longevity of the superstructure is endangered, 14 and the dental implant cannot bear high occlusion forces for long periods of time because the bone around the dental implant is in danger of being absorbed and removed. 15 The best choice for a superstructure is to provide a fixed denture, but only 23% of patients with fibular single graft can use a fixed denture. 16 To provide a fixed denture, an appropriate crown-implant ratio is needed; hence, the difference between fibular and mandibular bone heights should be considered when performing fibular grafts.
Although the vascularized free fibula should be grafted for the mandibular defect, with a good match between both bones, there are no reports evaluating both fibula and mandible in the same patients when using fibular single graft or fibular double-barrel graft. There are only a few articles that compare fibula and mandible in mandibular reconstruction. In some patients, the difference in height between the fibula and the atrophied mandible was slight. 16 In 12 cases of double-barrel fibular graft, the crown-implant ratio was measured (mean: 0.98; range: 0.86-1.17); 17 however, distribution and analysis of results in the various categories defined here have not been reported.
We defined the difference in height appropriate for placing osseointegrated dental implants to provide a fixed denture using fibular graft as Da (−0.8 to 0.4 cm) for fibular single graft and as Db (−1.3 to 0.4 cm) for fibular doublebarrel graft. Until now, the appropriate numerical difference between the height of the fibula and mandible has not been reported. If a 1.4-cm dental implant is placed after a fibular graft, the height of the superstructure should be less than 1.4 cm. Considering that the average height of a tooth is about 0.6 cm in our clinical experience, we decided that the minimum Da should be −0.8 cm. Considering our clinical experience and difficulties associated with shaving excess bone, we decided that the maximum Da, Db should be 0.4 cm. If the gap between the 2 fibular segments in a double-barrel graft is less than 0.5 cm, the gap will disappear after 6 months. 18 It is no problem if the difference between the grafted double-barrel fibula and native mandible is more than −1.3 cm (the minimum of Db).
The percentage of excess volume in fibular doublebarrel grafts has not been reported. Our study showed that the percentage of patients who had a "good" result for a fibular single graft was only 13.8%, whereas the percentage who had a "good" result for a fibular double-barrel graft was 70.9%. The difference of bone height between grafted double-barrel fibula and native mandible was a minimum of −1.2 cm, and there were only 2 cases in which the difference was less than 1.0 cm. Shortage in bone height of a double-barrel fibular graft compared with the native mandible will not occur.
The height of the fibula is 0.94 to 1.74 cm in males and 0.77 to 1.56 cm in females. On average, the height and length of the fibula are greater in males than in females. 11 However, our study showed that the difference in bone height between the fibula and the mandible was not statistically different between genders for either fibular single graft or fibular double-barrel graft.
The bone height of the edentulous mandible is significantly low because the alveolar base is absorbed by tooth loss and the alveolar crest is flat. 19 In our study, whether patients were dentulous or not had a large influence on the difference in bone height between the fibula and mandible and on clinical results, in fibular single graft and double-barrel graft. For mandibular reconstruction, dentulous patients mostly needed fibular double-barrel grafts, but the edentulous patients mostly needed fibular single grafts.
The effect of age on the difference in bone height between the fibula and mandible, and the evaluation of clinical results of fibular grafts, has not been reported. In our study, the older the patients were, the smaller the difference of bone height between single fibular grafts and the mandible. Within increasing age, a fibular single graft was more appropriate as a fibular double-barrel graft had too much volume. There is a possibility of atrophy of the mandible even in dentulous patients as they age. Therefore, young patients mostly needed a double-barrel graft, but only half of the older patients needed a fibular doublebarrel graft.
The effect of BMI on the difference in bone height between the fibula and mandible, and the evaluation of clinical results of fibular grafts, has not been reported. In our study, the higher the BMI, the greater the difference in bone height between the single fibula and the mandible. Patients with a high BMI more often needed a fibular double-barrel graft.
The height of the central section of the fibula was larger than other sections. 20 As shown in Figure 6 , bone height of the proximal fibula was greater than that of the distal fibula, and the bone height of the medial mandible was almost equal to that of the lateral mandible. Therefore, a proximal fibular graft can achieve greater bone height than a distal fibular graft. The difference of bone height between the fibula and mandible was almost the same whether the recipient site was medial or lateral.
One limitation of our study is the possibility of postoperative change of bone height. Another limitation is the difference between height measurements made in 2 dimensions and those made in 3 dimensions. The crosssectional shape of the fibula along its length varies be- Fig. 7 . evaluation of the result of fibular single graft by gender, age, BMi, and tooth or by age and BMi of dentulous patients. Dentulous age indicates age of dentulous patients; Dentulous BMi, BMi of dentulous patients; 2 upward triangles, significantly very large; 2 downward triangles, significantly very small, P < 0.01; 1 upward triangle, significantly large; 1 downward triangle, significantly small, P < 0.05. tween individuals. [21] [22] [23] If the cross-sectional shape of the fibular graft is approximately triangular, the graft may not have sufficient volume to be able to place a long implant. Finally, there can be an unavoidable gap between 2 fibular segments in a double-barrel graft.
CONCLUSIONS
For mandibular reconstruction using a fibular graft, preoperative analysis of the patient's profile with reference to our study and proper use of a fibular single graft or double-barrel graft contribute to minimizing the difference between the height of the grafted fibula and native mandible. This is a key to an ideal reconstruction with good cosmetics and function.
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Tochigi Cancer Center 4-9-13, Yohnan Utsunomiya City Tochigi 320-0834, Japan E-mail: ishinao0916@gmail.com Fig. 8 . evaluation of the result of fibular double-barrel graft by gender, age, BMi, and tooth or by age and BMi of dentulous patients. Dentulous age indicates age of dentulous patients; Dentulous BMi, BMi of dentulous patients; 2 upward triangles, significantly very large; 2 downward triangles, significantly very small, P < 0.01; 1 upward triangle, significantly large; 1 downward triangle, significantly small, P < 0.05.
